
EFFECT OF LOW DENSITY 

INERT GAS FLUSH 

ON OXYGEN-COLUMBIUM REACTION 

AT 1500°F t o  2000°F 

C o n t r a c t  NASw-7 22 

FINAL REPORT 
May 14 ,  1964 

Submit ted to:  G r a n t s  and R e s e a r c h  C o n t r a c t s ,  C o d e  S C  
O f f i c e  of Space Sciences 
N a t i o n a l  A e r o n a u t i c s  and Space Adm. 
Washington 25, D. C. 

S u b m i t t e d  by: A e r o  V a c  C o r p .  
Box 476 
Troy, New Y o r k  

. 



r' 
- e  

1 
y' 

TABLE OF CONTENTS 

Paqe 

1.0 

2 .o 
2.1 

2.2 

2.3 
2.4 
2.5 

2.6 
2.7 

3.0 

INTRODUCTION AND SUMMARY 1 

Fig. 1.1 - Effec t  of  Pressure  on Impuri ty  

Fig. 1.2 - E f f e c t  of Gas Veloc i ty  
Fig. 1.3 - Sources of Contaminant G a s e s  
Fig. 1.4 - G a s  Flow P a t t e r n s  
Fig. 1.5 - System Schematic 

Concentration 

MATHEMATICAL ANALYSIS 
U p s t r e a m  Dif fus ion  of a Contaminant G a s  i n  a P ipe  
Carrying the I n e r t  G a s  

Concentrat ion of Contaminant G a s e s  Or ig ina t ing  i n  
T e s t  Chamber 

2.2.1 I n  Pump P ipe  
2.2.2 I n  Furnace Shroud 
Ge t t e r ing  of Contaminant Gases i n  T e s t  Chamber 
Surface  Migrat ion 
P r e s s u r e  Var i a t ion  Due t o  Sinusoida l  G a s  Flow 
Througfi t h e  Pump 
Resonant Frequency of  Cavity 
P a r t i a l  P re s su re  of Impur i t i e s  i n  T e s t  Volume 

Fig. 2.1 - Water Contamination i n  Furnace 

Fig. 2.2 - Impuri ty  At tenuat ion  as a Function 

Fig. 2.3 - Impuri ty  Attenuat ion as a Function 

Fig. 2.4 - P l o t  of dimensionless parameter 
Fig.  2.5 - Forces Between Two Molecules 
Fig. 2.6 - Forces Between Molecules on a 

Fig. 2-7 - Migrat ion R a t e  as a Function of 

Fig. 2.8 - Migrat ion R a t e  For Z e r o  Su r face  

S'nriiiid 

of  Pump Capacity 

of  Pressure  

Surface  

Temperature 

Migrat ion Act iva t ion  Energy as a 
Function of Temperature 

Temperature for  H e a t  of Vaporizat ion 
Fig. 2.9 - Migrat ion R a t e  as a Function of 

Fig. 2.10- Percent  Pressure  Var i a t ion  
IMPURITY ANALYSIS 

Fig. 3.1 - Schematic of Experimental Setup f o r  
Monitoring G a s  P u r i t y  

6 

7 
7 
8 
9 

1 0  
1 0  

1 2  

1 2  

1 4  
16 

23 
26 

26 
27 
28 

29 

30 

31  
32 
32 

33 

34 

35 

36 
37 
41 



. 

1.0 INTRODUCTION AND SUMMARY 

J 



(. . 
- c  

i 
Y 
# 1 . 0 INTRODUCTION AND SUMMARY 

* 
Test ing  or  process ing  of m a t e r i a l s  r e q u i r e s  t h e  surrounding 

atmosphere t o  have p a r t i c u l a r  c h a r a c t e r i s t i c s ,  The type of 
characteristics governs t h e  type of environment. A t  t i m e s ,  the 
environment should have abso lu te ly  no e f f e c t  and a t  o t h e r  t i m e s  
have a very s t r o n g  e f f e c t  on t h e  materials used. 
must be i n e r t  i n  order t o  perform long term tests of materials for  
space app l i ca t ions .  However, t h e  reduct ion of i r o n  oxides  on 
s t a i n l e s s  steel i s  gene ra l ly  performed i n  pure  hydrogen a t  
atmospheric pressure .  H e r e  the hydrogen has  a s t r o n g  e f f e c t  on 
t h e  chemical composition of the su r face  m e t a l .  

The environment 

The work descr ibed i n  t h i s  r e p o r t  a t tempts  t o  g ive  an under- 
s t and ing  t o  t h e  mechanics of a new process ,  This process  in -  
volves t h e  u s e  of a c o n t r o l l e d  flowing atmosphere t o  provide a 
con ta ine r  wi th  t h e  desired environment. The h i g h e s t  p u r i t y  gas 
w i l l  be obtained by making a proper choice of p r e s s u r e  and gas 
v e l o c i t y  i n  t h e  sample region,  The s u p e r i o r i t y  of t h i s  process  
over  s tandard  techniques is  t h e  a b i l i t y  t o  achieve w i d e  ranges of 

impur i ty  p re s su res  a t  a minimum of gas flsw and eyJipment cost. 
The e f f e c t  of t o t a l  gas pressure  can be seen i n  Fig,  1.1. A 

gas i s  processed t o  o b t a i n  an impurity concent ra t ion  of  10 PPM, 

A t  one atmosphere t o t a l  pressure ,  t h e  impuri ty  l e v e l  i s  
7.6 (lom3) to r r .  
decades, the impuri ty  p r e s s u r e  becomes 7.6 (10 ) to r r ,  (Equi- 
v a l e n t  t o  10 PPB), This  reduct ion of t o t a l  pressure can be done e a s i l y  
wi thou t  t h e  use of a complicated vacuum system and r e q u i r e s  only 
an o i l  s ea l ed  mechanical pump. 

By reducing t h e  t o t a l  p r e s s u r e  of t h e  gas  t h r e e  
-6 

The gas v e l o c i t y  i s  also important.  As can be seen i n  

F ig ,  1 . 2 ,  a purge gas i s  introduced i n  a con ta ine r  and f l o w s  out-  
w a r d  t o  t h e  e x i t ,  A t  t h e  e x i t  of t h e  tube,  t h e r e  is  a high 
contaminant gas  concent ra t ion  which is  at tempting t o  d i f f u s e  up- 

strear.. The higher the q u a n t i t y  of gas  flowing, t h e  harder  it is  

. 
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f o r  t h e  contaminant t o  flow upstream. An a n a l y t i c  express ion  w a s  
der ived  for t h e  s i t u a t i o n  where t h e  purge gas  has  no impur i t i e s .  

This express ion  w a s  v e r i f i e d  experimental ly  us ing  a mass 

w 
U 

~ 

vx 
(See 2.0 Mathematical Analys is )  e - v  C o =  - 

ck? 

spectrometer. The m a s s  spectrometer  w a s  capable of d e t e c t i n g  1 PPM. 

A summary of the d a t a  is  shown i n  Fig.  3.9. Table 2.1 con ta ins  a 
l i s t  of  va lues  of D forvar ious  impur i t i e s  i n  argon. It w a s  found 
t h a t  t h e  w o r s t  contaminant f o r  back d i f fus ion ,  w i t h  the  except ion 

of H2, He, and N e ,  w a s  n i t rogen .  From a va lue  of D, the d e s i r e d  
impur i ty  concent ra t ion  CO, the  impuri ty  concent ra t ion  ca a t  x = 0, 

the requi red  gas v e l o c i t y  and t u b e  length  can be ca l cu la t ed .  

The sources  of contaminant gases w e r e  s tud ied ,  (See Fig.  1.3) 
such f a c t o r s  as su r face  migrat ion,  con ta ine r  ou tgass ing ,  and tube  
outgass ing  w e r e  a l l  i nves t iga t ed  a n a l y t i c a l l y .  It w a s  found tha t  a 
reg ion  of extremely h igh  p u r i t y  gas could be obta ined ,  governed 
mainly by t h e  p u r i t y  of t h e  i n l e t  gas  and the to t a l  ope ra t ing  
p res su re .  

The problem of having an iiiiptirity ir: t5e gas s t r e a m ,  a h igh  
impur i ty  concent ra t ion  a t  t h e  t u b e  ex i t ,  and an a c t i v e  material  i n  
t h e  sample reg ion  g r e a t l y  complicated t h e  problem. However, an 
approximation for  the impur i ty  concent ra t ion  i s  

-Vk? V 
exp ID) - 1 - - k 

a = impur i ty  concent ra t ion  i n  purge gas 
k = cons tan t  of p r o p o r t i o n a l i t y  depending on s t i c k i n g  

f r a c t i o n ,  sample area ,  t ube  area 
(meaning of other symbols are given previous ly  (See 2.0) 

The effect  of an a c t i v e  ma te r i a l  i n  t h e  tes t  xegion has an 

i n t e r e s t i n g  effect on t h e  impuri ty  concentrat ion-gas v e l o c i t y  
diagram. The diagram has a d e f i n i t e  minimxi for s t i c k i n g  f r a c t i o n s  

2 
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). - 'greater than  0. To p i c k  t h e  exact v e l o c i t y  which w i l l  r e s u l t  i n  
4 

t h i s  minimum requi res  a knowledge of t h e  s t i c k i n g  f r a c t i o n ,  General ly  
t h i s  is  n o t  known. 

The conserva t ive  approach i s  t o  design a system assuming t h a t  
s = 0 and t o  cons ider  t h e  g e t t e r i n g  a c t i o n  as a bonus, 

Ina  purged system, t h e  impuri ty  concent ra t ion  can be reduced 
cont inuously by decreasing t h e  purge gas p r e s s u r e  and inc reas ing  
t h e  ve loc i ty .  There are theoretical  l i m i t a t i o n s  however, The gas 

v e l o c i t y  i s  l i m i t e d  t o  a subsonic va lue  and when t h e  p r e s s u r e  i s  

reduced t o  t h e  p o i n t  where continuum flow ceases t o  ex i s t  t h e  equat ions  
break down. The flow v e l o c i t y  i s  l i m i t e d  by an economical pump s i ze ,  
The p r e s s u r e  i s  l i m i t e d  t o  the  p o i n t  where t h e  mean f r e e  p a t h  of  t h e  
purge  gas becomes wi th in  approximately 10% of the  tube  diameter 
(See Fig.  1 . 4 ) .  

A set  of equat ions  w a s  developed t o  o b t a i n  the  minimum v e l o c i t y  
needed and s t i l l  a t t a i n  t h e  requi red  sample concent ra t ion ,  The 

- r e q u i r e d  p r e s s u r e  can then  be determined. 

A furnace  w a s  cons t ruc t ed  t o  t e s t  t h e  system, (See Fig.  4.6) 
The fo l lowing  i s  a t es t  of t h e  parameters r equ i r ed  f o r  design of t h e  
pumping system. 

1. System Geometry (What s ize  is  requi red?)  
Crucible  tube  diameter = .94" 
Cruc ib le  tube  l eng th  t o  bottom of sample = 5 "  

Crucib le  o p e r a t i n g  temperatare =z 2000°F 

Assumed t o  be zero s i n c e  b y  proper o p e r a t i o n a l  procedures  
and choice  of materials, m o s t  ou tgass ing  materials could be 
el iminated.  

2, 
3 ,  Outgassing ra te  of system enc losure  = 6 ( torr- l i ter /cm sec.) 

2 

4. P u r i t y  of  purge gas (PPM) 

5. Required impur i ty  concent ra t ion  i n  w o r k  region,  c 0 

= 7-06 

equ iva len t  3.5 (108) (mo1ecu~es/cm3 
6 .  S t i c k i n g  f r a c t i o n  of sample (assumed t o  be zero)  

7 ,  Impurity concent ra t ion  a t  t h e  tube  ex i t ,  ca 
(mo~ecu~es/cm3) 

From t h e s e  v a l u e s  t h e  optimum p r e s s u r e  and v e l o c i t y  w e r e  found 
- t o  be 1 2  cfm and .214 torr. 

J 
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Severa l  columbium - 1% zirconium samples w e r e  mounted i n  t h e  
0 

furnace and exposed t o  t h e  r e s u l t i n g  environment a t  1500°F, 1750°F 
and 2000°F f o r  periods of t i m e  of one t o  t e n  days. 
l e v e l  i n  t h e  samples w a s  compared t o  t h e  amount g e t t e r e d  i n  a vacuum 
system a t  1 x torr .  The r e s u l t s  are favorable .  

The contaminant 

This process  h a s  been v i r t u a l l y  u n t r i e d  i n  the area of vacuum 
metallurgy. However, the areas of a p p l i c a t i o n  are manifold,  l i m i t e d  
on ly  by the des igne r ' s  imagination. A f e w  examples f o l l o w .  

HYDROGEN REDUCTION 

Hydrogen w i l l  reduce t h e  oxygen i n  an i r o n  m e l t  q u i t e  r ead i ly .  
However, a f t e r  a hydrogen deoxidation, vacuum is  requ i r ed  t o  remove 
any r e s i d u a l  hydrogen lef t  i n  t h e  m e l t  and t o  prevent  reoxida t ion  
during t h e  pouring of the m e l t .  The disadvantages of t h e  hydrogen 
reduct ion  are t h e  cost and hazards of the process.  U s e  of t h e  gas 
f l u s h  process can be made d i r e c t l y  i n  the vacuum v e s s e l  a t  
p r e s s u r e s  where the hydrogen so rp t ion  is minimal. 

hydrogen i n  an enclosed vesse l  is  minimized when opera ted  a t  
p r e s s u r e s  less than  40 to r r .  (Reported by V o g t  and Robertshaw, 

"Explosions i n  V e s s e l s  Containing Hydrogen a t  Low Pressures:  AVS 

The hazards of 

Transact ions,  1955) 

SHORT TERM TESTING 

Materials are o f t e n  t e s t e d  for  short pe r iods  of time a t  high 
Reactions of t h e  m e t a l s  w i t h  a i r  r e q u i r e s  t h e  test  

Di lu t ion  of t h e  environment 
temperatures.  
be performed i n  an i n e r t  atmosphere. 
i n  a test con ta ine r  takes a long time and large q u a n t i t i e s  of gas. 
Vacuum pumps are used t o  reduce the t i m e .  
l e v e l s  require complicated vacuum systems. Again, t h e  gas purge 
process could be t h e  perfect compromise g iv ing  a p r e s s u r e  l o w  enough 
t o  n o t  r e q u i r e  long  d i l u t i o n  t i m e s  and use  of the f l u s h i n g  technique 
t o  minimize t h e  vacuum system requirements.  

The l o w  contaminant 

LONG TERM TESTING 

The p rocess  h a s  been designed to be Used for long tern. 

4 
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. environmental  t e s t i n g  of r e f r a c t o r y  metals. 
l e v e l s  requi red  are extremely s t r ingen t .  People a t  NASA, Cleveland 
have found contamination effects on the basic p r o p e r t i e s  of t h e  
columbium a l l o y s  a t  pressures lower than  lo'* torr .  
gas f l u s h  process h a s  n o t  demonstrated i t s  c a p a b i l i t y  of producing 

impuri ty  l e v e l s  i n  this range. 
the  purge gas and the a b i l i t y  t o  detect impur i t i e s .  
of less than  1 part  per b i l l i o n  w i t h  a corresponding impuri ty  
d e t e c t a b i l i t y  are required.  
designing a system capable of t hese  levels. 

H e r e  t h e  p u r i t y  

A t  p r e s e n t ,  the 

W e  are l i m i t e d  by the p u r i t y  of 
Impurity levels 

A t  p re sen t ,  w e  are i n  t h e  process  of 

Three a r e a s  of a p p l i c a t i o n  have been l i s t e d .  There are many 
m o r e  p o s s i b i l i t i e s  such as glow discharge hea t ing ,  l o c a l  p u r i f i c a t i o n  

i n  welding opera t ions ,  vacuum system purging, d i f f u s i o n  sepa ra t ion  
techniques and any o t h e r  method where environment con t ro l  i s  
c r i t i ca l .  It is  intended t h a t  this report w i l l  suggest  t h e m  SO 
the process w i l l  be used. 

'c 5 
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2.0 MATHEMATICAL ANALYSIS 

2.1 UP stream Diffusion Oi a Contaminant G a s  i n  a P i p e  

Carryinq the I n e r t  - G a s  

One of the possible sources of contamination i n  a gas bleed 

system is  by upstream di f fus ion .  
of t h i s  problem, t h e  fol lowing w i l l  be assumed: 

I n  order t o  s impl i fy  t h e  a n a l y s i s  

1. The gas v e l o c i t y  i n  the pipe is  cons tan t ,  be ing  n e i t h e r  a 

The gas adsorbed on the pipe w a l l s  i s  i n  equi l ibr ium w i t h  the  
func t ion  of radial or axial  p o s i t i o n  i n  the pipe.  

gas concent ra t ion  a t  a l l  axial p o s i t i o n s  i n  the pipe. 
2. 

The fol lowing nomenclature i s  used: 

dc d x )  - V (c + e ) j  dc = 0 (1) 
0% 

vc - 
which reduces t o  

CL 

and the s o l u t i o n  for a p ipe  of semi - in f in i t e  l eng th  is: 
C - -  v X  - -  - e  D 
C 
0 

where co is  the concent ra t ion  a t  the  pump end. 

numerical  va lues  i n t o  "Equation (2 )  " y i e l d s  t h e  fol lowing table: 

S u b s t i t u t i n g  

IO 



. . 
D 2.302 4.60 6.91 9-21 11.51 13-82 

log I -1 -2 -3 -4 -5 -6 
cO 

To obtain an approximate value of the diffusion coefficient, 
D, the Stefan-Maxwell theory is used, which states (Ref. 2) : 

1 - 2 )Z 
37r (c1+c2) S12 

(G12 + v 2 
2 

where = average molecular velocity 
1 s = -  2 (01 + 02) 

0 = molecular diameter 

The diffusion constant in argon (cm/sec) for various gases is 
listed with the assumed molecular diameter at a temperature of 300°K, 

TABLE 2.1 
DIFFUSION COEFFICIENTS OF VARIOUS GASES IN ARGON 

H2° 
N2 
O2 
c02 

H2 

Benzene 

Hg 

He 
Ar 

Molecular 
Diameters 
(108) cm- 
4-58 
3.80 
3.62 
4.62 
7.5 
5-11 
2-72 
2.20 
3.64 

DP 
(cm2/secr (torr) 

124 
148 
149 
95 
46.5 
67.7 
535 
465 

Ref. 2 - Jeans, J. , "The Dynamical Theory of Gases. I' 
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is  the  gas p r e s s u r e  i n  m i l l i m e t e r s  of  mercury. Using 

"Equations (2) and (4 ) ,  '' a pumping system can be designed t h a t  
e f f e c t i v e l y  e l imina te s  contamination f r o m  upstream d i f fus ion ,  
The fol lowing t a b l e  i l l u s t r a t e s  the a t t e n u a t i o n  of mechanical pump 
o i l  a t  s e v e r a l  b l eed  gas pressures  i n  a p i p e  2 f t .  long and 3/4 i n .  
diameter through which 5 cfm of argon i s  be ing  pumped. 

pmm 

Argon Pressure  O i l  Contamination Attenuat ion 
P (microns) log c/co 

PO 
50 

PO0 
500 

PO00 

-15,l  
-75-5 

-151 
-755 

-1510 

2.2 Concentration of Contaminant G a s e s  Or iq ina t inq  i n  T e s t  Chamber 

2,2,1 I n  Pump P i p e  

One of the predominant contaminants o r i g i n a t i n g  i n  t h e  
A t  t h e  chamber end of the  pxmp p ipe ,  test chamber is  water  vapor. 

t h e  contaminant f l o w  is  t h e  product of t h e  outgass ing  rate and 
the chamber surface area .  A t  the  pump end of the p ipe ,  Yne 
contaminant p a r t i a l  p re s su re  may be as high as t h e  s a t u r a t i o n  
p res su re .  'Snder these condi t ions  the p a r t i a l  p re s su re  of t h e  con- 
taminant  i n  t h e  chamber w i l l  be detennined when t h e r e  i s  a sweeping 
gas f l o w  i n  t h e  p i p e ,  As beforep  t h e  p i p e  w a l l  contamination w i l l  
be assumed t o  be i n  equ i l ib r i tm ,  and t h e  sweeping gas v e l o c i t y  a 
c o n s t a n t  

Pimp end I7 - Chamber end 

x =  a 
0 

L e t  c be t h e  molecular coccent ra t ion  of t h e  contaminant and D 

t h e  d i f f u s i v i t y ;  then  t h e  equation of the f l o w  is: 

12 



- - - - = o  d2c V dc 
D d x  dx2 

( 5 )  

which h a s  t h e  genera l  s o l u t i o n  
V 

+ B  7 c = A e  

The boundary condi t ions  are: 

x = o ;  q = q o  

1 x = a ;  c = c  

where q is  the flow rate  per u n i t  area of 
f o l l o w s :  

9, t h e r e f o r e  B = - 
and A = (cl - V) e 

V go - -  D - 
S u b s t i t u t i n g  t h e s e  cons t an t s  i n t o  "Equation 

the contaminant concent ra t ion  a t  the chamber 
becomes : 

-_ 
- - "1 qo 90 c = (cl--) e D + -  

0 V V 

the contaminant 

+ B) 

"Equation ( 8 ) "  w a s  appl ied  t o  determine 

and i s  as 

(6 ) "  and l e t t i n g  x = 0, 

end of t h e  p i p e  

(8 1 

the concent ra t ion  of 
contaminat ing w a t e r  vapor a t  the furnace end of a 3/4 i n .  diameter  

x 2 f t ,  long  pump pipe w i t h  5 cfm f l o w  of argon. The w a t e r  vapor 
p r e s s u r e  a t  the pump w a s  assumed t o  be the s a t u r a t i o n  p res su re  of  
w a t e r  a t  100°F and t h e  w a t e r  ou tgass ing  rate i n  the furnace chamber 
w a s  assumed t o  be tor r  liters/cm -sec. The furnace  w a s  
assumed t o  conta in  an argon-swept shroud 3 in .  diameter x 6 in .  

long,  and t h e  to ta l  outgass ing  area of the furnace  assembly w a s  
t aken  as t e n  t i m e s  the su r face  area o f  the shroud i tself  t o  
account  for  the outgass ing  of r a d i a t i o n  s h i e l d s ,  etc. The fol lowing 
w a t e r  vapor p res su res  a t  t h e  pipe i n l e t  w e r e  c a l c u l a t e d  as a func t ion  

2 
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- - .  
of argon p res su re :  

l -  

I Argon Pressure  
P (microns) 

Water Vapor P res su re  
P- ( t o r r )  

10  
50 

100 

1000 

10  
50 

100 

1000 

0 0-76 x 10  

1.74 
1.74 

1.74 

It can be seen f r o m  t h i s  table t h a t  between 10  and 50 microns 
argon p r e s s u r e  t h e  pump is  no  longer  a s i g n i f i c a n t  source  of w a t e r  
contamination, t h e  furnace  outgass ing  be ing the  major c o n t r i b u t o r .  
These p r e s s u r e s  w e r e  c a l c u l a t e d  wi th  a d i f f u s i o n  cons t an t  t ha t  w a s  
determined on t h e  basis of the water molecule concent ra t ion  be ing  
n e g l i g i b l e  r e l a t i v e  t o  t h e  argon, This  is  c e r t a i n l y  n o t  t r u e  a t  
t h e  pump end of t h e  pipe if s a t u r a t i o n  w a t e r  p r e s s u r e  i s  assumed: 
however, if a c o r r e c t i o n  w e r e  made, the d i f f u s i v i t y  would be lowered  

and t h e  w a t e r  vapor contamination f r o m  t h e  pump would be e l imina ted  
a t  a l o w e r  argon p r e s s u r e  t h a n  shown i n  t h e  table. 

2.2-2 - In Furnace Shroud 

Consider a furnace shroud as shown i n  t h e  accom- 
panying f i g u r e  wi th  t h e  sweeping gas be ing  in t roduced  a t  p o i n t  A 
t o  produce t h e  sweeping ve loc i ty ,  V, and outgass ing  f r o m  t h e  w a l l s  

occu r r ing  a t  t h e  rate q per u n i t  s u r f a c e  area. 
taminant  concen t r a t ion  as a func t ion  of  shroud l e n g t h  neg lec t ing  
radial  v a r i a t i o n s ?  

What i s  the con- 
S 

-4 I--& 
i v r = a  

- --- 
I 

The d i f f e r e n t i a l  equat ion of the s y s t e x  is sbtained from a 

14 



- - .  . m a s s  balance over  t h e  volume element dx. 

1 2 
dc ax)  + v (c + S X )  = 0 2 =a2 (-- + V) + 2na qsdx - =a 

or 

2qS - _ - -  - - - -  d2c V dc 

dx 2 D d x  a D  

The s o l u t i o n t o  "Equation (9b ) 'I is: 
z. 
V -x 2qsx 

+ B  aV c = A e  D +  

and the boundary condi t ions  are: 

x = o ;  q = q s  

1 x = l ;  c = c  

vx 
2qsx - 

+ B) dc AV 2q D 
vx - 

+ d) + V ( A e  + -  But q = -* + vc = -D(- e dx D a V  

so a t  x = 0 

The cons tan t  A is  determined 

+ = A e  D + -  
c1 a V  

and f i n a l  

f r o m  t h e  second boundary condi t ion:  

9s 2D 
V a V  -(1 + -) 

equat ion r e l a t i n g  contaminant concent ra t ion  t o  a x i a l  
p o s i t i o n  i n  t h e  furnace shroud becomes: 



U s e  of "Equations ( 3 ) ,  (8), and (11) 'I with assumed outgass ing  
rate,  q,, a l l o w s  t h e  approximate c a l c u l a t i o n  of contaminant con- 
c e n t r a t i o n  i n  a shroud furnace  design,  

I 

"Equation (11) I' w a s  appl ied  wi th in  t h e  furnace shroud of  t h e  
prev ious  example, and t h e  r e s u l t i n g  d i s t r i b u t i o n  of contaminating 
w a t e r  vapor a long t h e  l eng th  of t h e  shroud i n t e r i o r  is  shown i n  
Fig,  2.1 fo r  argon p r e s s u r e s  of 500 and 1000 microns. 

2.3 G e t t e r i n q  of Contaminant G a s e s  i n  T e s t  Chamber 

I I '  
I I  
I I  

A t  a p o i n t  i n  the crucible  removed from t h e  sample t h e  

impur i ty  f l o w  i s  descr ibed  b y  t h e  equat ion:  

- - -D - dc + vc 
q X  dx 

I6 

2 (mol/ sec, c m  ) 



- b  

t 

i -  

2 where D = d i f f u s i o n  c o e f f i c i e n t  ( c m  /sec) 

v = purge gas mean v e l o c i t y  (cm/sec) 

Equation (2 )  p l u s  t h e  equation of c o n t i n u i t y  y i e l d s  t h e  governing 
d i f f e r e n t i a l  equat ion:  

This  equat ion h a s  s o l u t i o n s  of t h e  form 
x x  

c = C 1 e  + c2 

and t h e  boundary condi t ions  a r e  as follows. 

where 
3 p = s w e e p  gas  d e n s i t y  (gm/cm ) 

N = Avogadro's number = 6.02 x 

M = s w e e p  gas  molecular weight (gm/gm-mole)  

( m o l / g m - m o l e )  

(ppm] = impuri ty  f r a c t i o n  of s w e e p  gas (parts p e r  m i l l i c n )  
2 

a( = impuri ty  concentrati-on - -  i n  purge gas  (mol/cm')  

A t  x = O  

The impuri ty  concent ra t ion  i s  continuous,  t h e r e f o r e :  

c = c '  
0 0 (5) 

where t h e  unprimed q u a n t i t y  r e f e r s  t o  t h e  upstream 

and the primed q u a n t i t y  t o  t h e  downstream concent ra t ions .  

The n e t  impuri ty  flow must equal  t h e  sample g e t t e r i n g  
rate,  t h e r e f o r e  

q - q '  = qg = kco (6  1 

A t  x = a  

At t h e  c r u c i b l e  ex i t  t h e  impuri ty  concentration is held  at 

17 
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a -  a prescribed value,  c 

= cJ? 

The s o l u t i o n s  f o r  the  upstream and downstream p o r t i o n s  o f  t h e  
c r u c i b l e  tube  are respectively - - 

V -x 
c = A e  + B  

V 
-X 

c '=  Ee  + F  

Equations (4) through (7) allow the eva lua t ion  of the cons t an t s  
i n  equat ion  (8) and the following express ion  i s  obta ined  for the 

impur i ty  concent ra t ion ,  c a t  the  sample 
0' 

Vi -VJ - -- 
C 
0 - 

ca 

or i n  another  f o r m  

D l  k 
V 1 + - (1 - e 

Several u s e f u l  l i m i t i n g  cases can be obta ined  f r o m  equat ion 

(9) - 
Z e r o  g e t t e r i n g  ac t ion  (k = 0)  

Va 
D 

-- Va 
D 

-- 
) + e  (1 - e - -  - C 

O/CQ cJ? 

Z e r o  purge gas  impuri ty  (a(  = 0 )  - VQ 



Z e r o  sweeping v e l o c i t y  (V = 0 )  

I n f i n i t e  sweeping ve loc i ty  ( 17-00) 

a( 

cl? (13 1 
C = -  

Although t h e  g e t t e r i n g  f a c t o r ,  k ,  i s  i n  a u se fu l  form f o r  
t h e  foregoing de r iva t ion ,  a d i f f e r e n t  form is  m o r e  u s e f u l  f o r  
purposes of  computation. From k i n e t i c  theory,  t h e  r a t e  a t  which 
gas molecules s t r i k e  a su r face  is: 

2 - - =  dn L v c mol/cm sec 
A d t  4 

- 
where v = average molecular v e l o c i t y  

I f  s is  t h e  f r a c t i o n  t h a t  s t i c k  upon s t r i k i n g  t h e  su r face ,  then  

where S = r a t i o  of sample su r face  a r e a  t o  c r u c i b l e  tube 

= molecular weight of contaminant (gm/gm-mole) 

= gas cons tan t  = 8.32 x lo7 erg/OK gm-mole 

‘/ST cross-sec t ion  

MC 

RO 
T = gas temperature (OK) 

Evaluat ing equat ion (14a) y i e l d s  

(cm/sec) (14b) 3 k = 3-64 x 1 0  s 

For ease i n  ca l cu la t ion ,  t h e  impurity concent ra t ion ,  h , i s  

best manipulated i n t o  t h e  following form by use of t h e  i d e a l  gas 
l a w ,  

(15) 3 
o( = 0,963 x 10 l3 T (mol/cm 
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= .  

where p = purge gas  p re s su re  ( t o r r )  

Likewise, t h e  impuri ty  concent ra t ion  a t  t h e  c r u c i b l e  mouth, 

can be p u t  i n  terms of p re s su re  and temperature ,  

19 p, = 0.963 x 10 ca 
3 ( m o l / c m  ) 

where pc = contaminant gas  p a r t i a l  p r e s s u r e  surrounding c r u c i b l e  
( torr)  

The d i f f u s i v i t y  c o e f f i c i e n t ,  D, i s  f u n c t i o n a l l y  r e l a t e d  t o  
temperature  as fol lows 

For  t h e  p a r t i c u l a r  case of d i f f u s i o n  of oxygen or  n i t rogen  
i n  argon, t h e  r e l a t i o n s h i p  becomes, 

where Do 2 149 

Equation (9)  w a s  used t o  compute t h e  contaminant concent ra t ion  
i n  t h e  experimental  c r u c i b l e  t u b e  a t  2000°F wi th  t h e  s l i g h t  modifi-  
c a t i o n  t h a t  co/c' 
t r a t i o n  a t  t h e  pumping p o r t  which i s  a t  r o o m  temperature.  

r e l a t i o n s h i p  between t h e  t w o  ra t ios  i s  simply 

i s  p l o t t e d ,  where c '  i s  t h e  contaminant concen- a .f? 
The 

rn 
.L room co/ci = 1 Co/Ca 

(Tcrucible  

The r e s u l t s  are shown i n  Fig. 2.2 wi th  t h e  s t i c k i n g  c o e f f i -  

c i e n t  be ing  chosen a t  s = 0,  

(perfect g e t t e r i n g  ac t ion . )  The upper curve (s = 0 )  can be seen 
t o  be a smooth t r a n s i t i o n  between t w o  s t r a i g h t  l i n e s  on a semilog 

p l o t ;  t h e  s t r a i g h t  diagonal  l i n e  (co/ca = e being t h e  e x i t  
impur i ty  a t t e n u a t i o n  fo r  a p e r f e c t l y  pure  purge gas ,  and t h e  h o r i -  

z o n t a l  l i n e  (co/ca = d / c  

(no g e t t e r i n g  a c t i o n ) ,  and s =0.1 

being t h e  r a t io  of purge gas  i n i t i a l  a 
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impurity t o  t h e  impurity of t h e  atmosphere a t  t h e  c r u c i b l e  e x i t .  
A t  t h e  h igher  values  of s t i c k i n g  f a c t o r ,  s ,  t h e  p u r i t y  l e v e l  a t  

t h e  sample, cot i s  improved due t o  t h e  pumping a c t i o n  of t h e  sample, 

b u t  a s  t h e  purge gas ve loc i ty  i s  increased ,  t h e  improvement dimin- 
i s h e s  due t o  t h e  g r e a t e r  absolu te  amount of impuri ty  introduced 

by t h e  purge gas.  A t  i n f i n i t e  v e l o c l t y  a l l  curves approach t h e  
value (co/ca = d / c  ) i r r e s p e c t i v e  of s t i c k i n g  f a c t o r .  a 

*I 

Although a non-zero s t i c k i n g  f a c t o r m c r e a s e s  t h e  p u r i t y  of 

t h e  s h i e l d i n g  atmosphere a t  t h e  specimen, t h e  conservat ive approach 
i s  t o  design a system assuming t h a t  s = 0, and t o  consider  t h e  
g e t t e r i n g  ac t ion  as a bonus. This design philosophy w i l l  be followed 
i n  t h i s  r epor t .  

~ I n  a purged system of t h e  type under cons idera t ion ,  with a 

given gas p u r i t y  and geometry, t h e  impuri ty  concent ra t ion  a t  t h e  
specimen can be reduced continuously by decreasing t h e  purge gas 
p r e s s u r e  and inc reas ing  the  v e l o c i t y  ( l a r g e r  pump). Theoretical 

l i m i t a t i o n s  e x i s t ,  however, f o r  two reasons: (1) when p r e s s u r e  i s  
reduced t o  t h e  p o i n t  where continuum flow ceases t o  ex is t ,  t h e  
developed equat ions break down; ( 2 )  p r a c t i c a l l y  speaking, t h e  gas 
v e l o c i t y  is l i m i t e d  t o  a subsonic value.  The f i r s t  l i m i t a t i o n  can 
be e s t a b l i s h e d  by consider ing t h e  r a t io  of t h e  crucible t u b e  d ia -  
m e t e r  t o  t h e  mean free path of t h e  purge gas molecules,  t h e  Knudsen 

number ( N  = A /a) .  The t h e o r e t i c a l l y  developed equat ions hold  with 
reasonable  accuracy down t o  a value of Nk = 10. 

and a t  a p re s su re  of 1 t o r r  the mean f r e e  p a t h  i s  approximately 
.0053 c m ,  ( R e f .  1) and as i s  approximately a func t ion  of dens i ty  
only,  t h e  mean free path can be expressed as: 

k 
For argon a t  25OC 

I - I 
-5 T = 1.78 x 10  - ( c m ) .  (19) 

P 
T lo-’ 

= 5.3 -- argon 298 p 
h 

From t h e  p r a c t i c a l  s tandpoin t ,  t h e  purge gas v e l o c i t y  w i l l  be 

l i m i t e d  by t h e  pump s i z e  f o r  economic reasons.  

geometry and purge gas  p u r i t y  (ppm) is  considered, a requi red  value 
of impuri ty  concentrat ion,  cor can be obtained with a range of 

I f  a system of f ixed  

R e f ,  1, Dushman, 2nd e d i t i o n .  Pg, 32, 
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i 
I -  

~ - -  

pump s i z e  and p res su re  levels, This can be seen from Fig.  2.3 
which r ep resen t s  such a system. With a cons tan t  value of c a h o r i -  

zonta l  l i n e  i s  a cons tan t  value of co; 
seve ra l  system p res su re  l e v e l s ,  It can be seen  t h a t  t h e r e  e x i s t s  

a p re s su re  curve t h a t  i n t e r s e c t s  t h e  r e q u i r e d  value of eo a t  a lower 
v e l o c i t y  (or pump s i z e )  than any o t h e r  pressure .  The dashed envelope 
on Fig,  2 r ep resen t s  t h i s  condi t ion,  and t h e  equat ion f o r  t h i s  locus  
of  optimum pres su re  w i l l  be found 

a' 
t h e  var ious curves r ep resen t  

V.4 
D 

-- 
Equation (10) i s  r e - w r i t t e n ,  assuming t h a t  (e ) << 1. 

or  

where 

A 
ca 

co/ca = - 
V.4 

D 
-- 

+ e  

-5VP 
+ e  

0.963 x 10 l3 ( p p m )  

a 
3/2 T 

Do (300) 

To f i n d  the, optimum value of p f o r  which V i s  a minimum a t  a 
given c and - (d) is  equated t o  zero.  

0 c a '  d P  

0 .. 
I " a  

Unfortunately,  equat ion (21) can no t  be e x p l i c i t l y  solved for 
A optimum pres su re ,  p;  however, t h e  equat ion has  been p l o t t e d  i n  Fig. 

2.4 and t h i s  curve can be used t o  determine p a f t e r  K1 and co/ca have 

been c a l c u l a t e d ,  

A 

Equation (21)  has  two s o l u t i o n s  f o r  3, and i f  

2 2  
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Figure  (3 )  need be extended i n  range it must be borne i n  mind t h a t  a 

nega t ive  s o l u t i o n  of p^ exis ts  which must be discarded.  

veloci ty  i s  then  obta ined  f r o m  Equation (20) . 
The minimum 

C 

(2 - K1 $1 

K2 p̂  
V - - - In€  c a (cm/sec) (22)  min 

The necessary  equat ions  are now a t  hand t o  set up a c a l c u l a t i o n  
scheme t o  determine the best pumping speed and p r e s s u r e  t o  o b t a i n  
the  r equ i r ed  c i n  a given system. 

0 

Known q u a n t i t i e s  (c.g.s.) 
1. system geometry 
2. c r u c i b l e  temperature,  T 

3. 
4. p u r i t y  of purge gas ,  (ppm)  
5. r equ i r ed  impuri ty  concent ra t ion ,  c 

1 t o r r  liters outgass ing  rate of system enclosure,  q ( ,z 

0 

Computation procedure 
1. E s t i m a t e  impuri ty  concent ra t ion  a t  c r u c i b l e  

c j  
opening, 

2.  From Equation (21 )  ca~cu la t e  I; {use Fig. 3) 

3. From Equation ( 2 2 ) ,  c a l c u l a t e  V 

4, Ca lcu la t e  speed of the  pumping system . 
Q = VST (T Tambient (liters/sec) 

a 5. Ca lcu la t e  c 
16 Aenclosure)  Tambient ( m o l .  /an 3 ) 

. 1 ( r n  
= 3.53 (10 ) g ( 

.L 

Q 

and r e t u r n  t o  s tep ( 2 ) .  

2.4 Sur face  Miqrat ion 

Passage of o i l  i n t o  the chamber by s u r f a c e  migra t ion  f r o m  the  

o i l - s e a l e d  mechanical pump along t h e  w a l l s  of the in t e rconnec t ing  
l i n e s  t o  t h e  w o r k  space i s  another  contamination source.  

I n  o r d e r  t o  d i s c u s s  su r face  migrat ion,  it i s  necessary  t o  cons ider  

I *  2 3  
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' t h e  i n t e r a c t i o n  of a su r face  and a gas molecule. F i r s t ,  i f  w e  t a k e  
t w o  p a r t i c l e s  and move them c l o s e r  t oge the r ,  t h e  i n t e r a c t i o n  fo rce  
i s  shown on Fig. 2.5. E i s  theenergy requi red  for  t h e  molecules t o  
s e p a r a t e  an i n f i n i t e  d i s t ance ,  NOW, i f  w e  assume a s o l i d  su r face  
appears t o  another  molecule as shown on Fig.  2.6, then t h e  energy 
r equ i r ed  f o r  a m o l e c u l e  t o  hop between any t w o  ad jacen t  su r face  
molecules i s  less than  t h e  energy f o r  t h e  molecule t o  escape from t h e  
sur face .  The energy a s soc ia t ed  with escape from t h e  su r face  o r  

evaporat ion i s  known a s  t h e  h e a t  of vaporizat ion.  It can be seen t h a t  
as a molecule hops across a surface,, t h e r e  i s  a t r a n s f e r  from t h e  
gas  phase t o  t h e  s o l i d  su r face  a s  w e l l  a s  along t h e  su r face ,  The rate 
a t  which t h e  molecules move i s  r e l a t e d  t o  t h e  d i s t ance  f o r  each hop 
and t h e  frequency of t h e  hop,, DeBoer shows t h a t  t h e  frequency of hops 
i s  r e l a t e d  t o  t h e  b a s i c  l a t t i c e  v i b r a t i o n a l  frequency and t h e  ac t iva -  
t i o n  energy. - U ~ / R T  

Ds =: K 1 7 0 e  

Es = energy requi red  f o r  adsorbed molecule t o  hop 

l = d i s t ance  of hops 
K = charzcteristic cons tan t  of equat ion 

along su r face  

Ds = su r face  d i f fus ion  c o e f f i c i e n t  
qo = v i b r a t i o n a l  frequency of l a t t i c e  

R = gas cons tan t  
T = temperature of  molecules 

The ra te  a t  which m o l e c u l e s  a r e  t r a n s f e r r e d  is: 
d 6  = D  a -  

9s s dx 

- concentrat ion d i f f e r e n c e  p e r  u n i t  d i s t ance  dcr 
dx mole/cm2/cm 
a = a r e a  for  t r a n s p o r t  

qS 

- -  

= m o l e c u l e s  t r anspor t ed  p e r  second 

Examination of t h i s  equat ion reveals t h a t  a s  t h e  temperature i s  
r a i s e d ,  t'ne number of mrleculzs transported increases, However, w e  
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have a competing process .  Evaporation of t h e  molecules i s  a l s o  
t ak ing  p l a c e  and can be shown t o  be: 

6 = number of m o l e c u l e s  on su r face  E/RT 
2' = res idence  t i m e  on su r face  and = Toe 

= evaporation r a t e  rle 
E = a c t i v a t i o n  energy f o r  evaporation 

Therefore,  t h e  number of molecules e x i s t i n g  on t h e  su r face  decreases 

with inc reas ing  temperature.  Surface migrat ion can be stopped by 
e i t h e r  of  two techniques,  one by cool ing  t h e  su r face  so t h a t  t h e  
molecules do n o t  move f r e e l y  and t h e  o t h e r  by e s s e n t i a l l y  b o i l i n g  
them o f f .  

Fig.  2.7 shows the r e l a t i o n s h i p  of t h e  s u r f a c e  concent ra t ion ,  
d i f f u s i o n  cons tan t ,  and migration ra te  as a funct ion of r e c i p r o c a l  
temperature.  N o t e  t h a t  s u r f a c e  concent ra t ion  inc reases  as temperature 
decreases. Also, t h e  su r face  concentrat ion has  a s t ronge r  dependence 
on  temperature  than t h e  d i f fus ion  cons t an t ,  
ra te  which is t h e  product  of 
temperature  decreases . 

This means t h e  migrat ion 
and Ds is  con t inua l ly  inc reas ing  as 

Both processes  w e r e  put  i n  a s i n g l e  expression and t h e  
r e s u l t s  a r e  d isp layed  i n  Figs ,  2 .8  and 2.9. 
descr ibed  i s  for  migrat ion a long  a uniform m e t a l  su r f ace  with evapora- 

t i o n  t a k i n g  p l ace .  

s u r f a c e  w a s  maintained a t  zero  pressure .  

The p a r t i c u l a r  s i t u a t i o n  

It was a l s o  assumed t h a t  t h e  space above t h e  

The f i g u r e s  show t h e  molecular t r a n s f e r  ra te  for  a p a r t i -  
c u l a r  s u r f a c e  migrat ion a c t i v a t i o n  energy and evaporat ion energy as a 

func t ion  of temperature.  
of  t h e  molecular spacing of a metal ,  3 x lo-* c m .  

t i m e  of 3 x 10 

a l a t t i c e  a t  normal temperatures,  

molecules a t  t h e  s tar t  of t h e  metal s u r f a c e  w a s  taken t c  be 10 
molecules/cm . 

The d i s t ance  of a hop w a s  taken t o  be t h a t  
A minimum res idence  

sec, corresponds t o  t h e  v i b r a t i o n a l  frequency of -14 

The s u r f a c e  concent ra t ion  of O i l  
15 

2 
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2.5 Pressure  Var ia t ion  Due t o  Sinusoida l  G a s  F l o w  Throuqh the -- 
pump 

The gas bleed p res su re  is  usua l ly  maintained by having a 

cons tan t  r a t e  of i n  leakage, qo, i n t o  a volume and removing t h i s  gas  
with a p o s i t i v e  displacement pump. The pump is  gene ra l ly  an o i l -  

s e a l e d  p i s t o n  or  r o t a r y  vane type.  Both types of t h e s e  pumps do n o t  
have a cons t an t  pumping speed as a func t ion  of t i m e .  Rather,  t h e i r  
ins tan taneous  speed probably varies s inuso ida l ly .  A s s u m e  S = average 

pumping speed of pump 

where 

The 

The 

S = (1 + s i n  w t )  = instantaneous pumping speed 

w = angular  v e l o c i t y  of pump 
t = instantaneous t i m e  
V = volume of chamber 

d i f f e r e n t i a l  equat ion 

I@ + p s  (1 + s i n  w t )  

s o l u t i o n  t o  t h e  above 
d t  

- - 90 [ (exp 
P - Pavg s 

assoc ia ted  wi th  qo and S 

descr ibing t h e  speed is: 

equation is: 
1 -4 S 

vw - cos w t )  

Typical mecnanicai pumps have aiigular ~ 7 - 1  " b A v b A . - & - -  n - 4  +i of apprnx, 
3 50 rad./sec (Welch 1402, 5 f t  /min pump). 

r a t i o s ,  
See Fig.  2.10 for maximum pres su re  v a r i a t i o n s  f o r  var ious S/V 

The s inuso ida l  pumping speed may a l s o  cause back d i f f u s i o n  
of gases  up the in te rconnec t ing  tubes  during t n e  period of low or 
z e r o  pumping speed. 

"his does n o t  appear t o  be a problem except  f o r  very s m a l l  
volumes or h igh  pumping speeds.  

2.6 Resonant Frequency of Cavity 

A f u r t h e r  problem t h a t  may be associated wi th  t h e  s inuso ida l  
pumping speed i s  t h e  chamber volume may have a resonant  frequency 

=pprc?achir?g the  pi-?mp frequency. Again t h i s  w a s  found n o t  t o  be a 
problem i n  normal pumping systems. The resonant  frequency w a s  taken 
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I 

v -  1 27r c -  r 
I -  

I -  
I .  

I 

1 -  

I -  

C = v e l o c i t y  of sound = 34,400 cm/sec 
V = volume of  resonator  

c0= length  of tube or i n  case of  orifice,  t h e  diameter 
of t h e  o r i f i c e  

v = resonant  frequency i n  cycles/sec.  

for  a c = 75 cm. 
0 

3 V = 30,000 cm 

- v = -  (34,400 m/sec - 
2 8  

The pump frequency i s  f a r  b e l o w  t h i s  a t  approx. 

74 cycles/sec.  

8 cycles/sec.  

2.7 P a r t i a l  Pressure  of Impur i t ies  i n  T e s t  Volume 

Based on t h e  prev ious  a n a l y s i s  of contaminant backstreaming 

a s impl i fy ing  assumption can be made. 
t h e  l eng th  is  approximately equal t o  t h e  diameter, concent ra t ion  can 
be assumed t o  be uniform and equal t o  t h e  impuri ty  l eak  rate divided 

I n  a p a r t i c u l a r  volume where 

I--- J-L - A +  n x 7 - n  u y  ~ 1 1 2  A L G L  pu’uy 

Proper design of the furnace purge gas system would reduce a l l  

ou tgass ing  e f f e c t s  from o t h e r  p a r t s  of t h e  chamber. 
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Migration 
R a t e  

MIGRATION RATE AS A FUNCTION OF TEMPERATURE 

Slope = a < m  

C o n s t a n t  

(TEMPERATURE) 

F i g u r e  2 .7  
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3 .O IMPURITY ANAT-IYSIS 

A t  p r e s e n t  t h e  experimental  phase i s  using a mass spectrometer 
and s p e c i a l  valving t o  monitor p u r i t y  of t h e  incoming gas.  The 
arrangement i s  shown schematical ly  on Fig.  3.1. Background p res su res  
are r o u t i n e l y  a t t a i n e d  i n t h e  low lo-’ t o r r  range and a r e  reasonably 

stable so t h a t  10% changes i n  t h e  carbon monoxide, w a t e r  and hydrogen 
peaks can be seen while  o t h e r  gases can be seen a t  h ighe r  s e n s i t i v i -  
ties. 
i s  5 x t o r r .  Based on t h e  above experimental  r e s u l t s ,  10 ppm 

of  w a t e r ,  carbon monoxide, and hydrogen can be de tec t ed  whi le  
approximately 1 ppm can be seen o f  o t h e r  gases.  

The maximum t o t a l  p ressure  t h e  spectrometer can be used a t  

While t h e  spectrometer has  given s a t i s f a c t o r y  r e s u l t s ,  it 
is  necessary t h a t  t n e  p u r i t y  of t h e  gas ,  as w e l l  a s  p a r t i a l  p r e s s u r e  
d e t e c t a b i l i t y  be increased i n  order  t o  extend t h e  a p p l i c a b i l i t y  of 
t h e  process ,  

M a s s  Spectrometer 

The mass spectrometer is capable of d e t e c t i n g  approximately 
1 - 10 parts per m i l l i o n  of impurity i n  t h e  b l eed  gas. This was 

a t t a i n a b l e  a f t e r  considerable  e f f o r t .  The a d d i t i o n a l  e f f o r t  had t o  be 

expended i n  o rde r  t o  achieve these  s e n s i t i v i t i e s  on a more r o u t i n e  
basis., 

ble. Two areas w e r e  i nves t iga t ed ;  h igher  magnetic f i e l d  i n  t h e  
d e f l e c t i o n  spectrometer,  and l c w  er i o n i z i n g  p o t e n t i a l .  

Following a r e  t h e  r e s u l t s  of t h e  s tudy  which made t h i s  possi-  

Hisher Maqnetic F ie lds  

The s p e c t r a  taken w i t h  t h e  3 k i logauss  magnet i n d i c a t e d  a 
b lending  toge the r  of t h e  peaks.  

s i n c e  t h e  peaks 40 and 28 could n o t  be reso lved  t o  base l i n e  when t h e  
-6 -10 

40 peak w a s  approximately 3 x 1 0  amps and t h e  28 peak w a s  3 x 10 

amps. T y p i c a l  spectrum i s  shown i n  Fig.  3 - 2 ,  Because of t h i s ,  it 
became necessary t o  improve r e s o l u t i o n  i n  s o m e  manner. The f i rs t  
technique  considered was t h e  use of a h ighe r  magnetic f i e l d  i n  t h e  

m a s s  Spectrometer.  This should i n c r e a s e  r e s o l u t i o n  s i n c e  t h e  mass peaks 

This  w a s  p a r t i c u l a r l y  troublesome 
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occur a t  g r e a t e r  vo l tage  separa t ion  than with t h e  l o w e r  f i e l d  
- magnet. A 5.1 k i logauss  magnet was i n s t a l l e d ,  and t h e  r e s o l u t i o n  

ind ica t ed  a marked improvement. See Fig.  3 . 3 .  The d e s i r e d  r e so l -  
u t ion  was a t t a i n e d ,  and t h e  de t ec t ab le  mass range w a s  extended t o  a 
molecular weight of 200. See Fig. 3.4. 

Elec t ron  Ioniz inq  P o t e n t i a l  

Rais ing t h e  p re s su re  r e s u l t e d  i n  peaks which d id  n o t  appear t o  
o r i g i n a t e  i n  t h e  incoming gas,  b u t  w e r e  r e l a t e d  t o  t h e  number of ions  
formed i n  t h e  system. The diagnosis  w a s  t h a t  t h e  i o n s  formed w e r e  
desorbing s u r f a c e  gases f r o m  t he  w a l l s ,  This w a s  n o t  d e f i n i t e l y  

proven; however, t h e  spurious s i g n a l s  w e r e  removed by tu rn ing  o f f  
t h e  ion  gauge and opera t ing  t h e  m a s s  spectrometer a t  a low ion iz ing  
p o t e n t i a l  (30 v )  and a low emission c u r r e n t  ( - 5  m a )  . 

L i n e a r i t y  S t a b i l i t y  of M a s s  Spectrometer 

The l i n e a r i t y  and s t a b i l i t y  of t h e  m a s s  spectrometer was 
checked over a pe r iod  of t i m e  and range of p re s su res .  

are i n d i c a t e d  i n  Fig.  3.5. The graph i n d i c a t e s  a l i n e a r  relation- 
s h i p  between a c a l i b r a t e d  ion  gauge and t h e  mass spectrometer.  

The r e s u l t s  

Ca l ib ra t ion  of  Hiqh P r e s s u r e  Gauqes 

D a t a  by Westinghouse f o r  t h e i r  Schulz-Phelps gauge i n d i c a t e d  
good l i n e a r i t y  of t h e  output  for  p r e s s u r e s  of  n i t rogen  up t o  .5 
t o r r  and a s a t u r a t i o n  l i m i t  of 2.5 t o  16  t o r r .  Our da t a  d id  n o t  i nd i -  
cate t h i s  t o  be t h e  case f o r  argon. 
t a i n e d  up t o  a p re s su re  of -100 torr .  
accuracy i n  measurement of p re s su re  i s  no t  r equ i r ed  f o r  t h i s  experi-  
ment, a thermocouple gauge w a s  used. 

L i n e a r i t y  could n o t  be ob- 

For t h i s  reason and s i n c e  g r e a t  

Technique 

The thermocouple gauge w a s  c a l i b r a t e d  a g a i n s t  a p re s su re  

obta ined  by b leeding  gas a t  a measured r a t e  i n t o  a vesse l  being 

pumped a t  a known speed, 

a t  atmospheric p re s su re  i n  a water-sealed b u r e t t e .  
w a s  ob ta ined  with a c r i t i c a l  flow o r i f i c e  having a diameter of  1/16 
inch. The c a l c u l a t e d  speed o f  t h e  o r i f i c e  i s  shown on Fig.  3.6 and 

The bleed rate w a s  measured volumetr ica l ly  

The pumping speed 
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t h e  c a l i b r a t i o n  curve i s  shown i n  Fig.  3.7. 

- 
Experimental V e r i f i c a t i o n  of A n a l y s i s  

I n  t h e  experiment n i t rogen  w a s  used as t h e  contaminant s i n c e  

i t s  concent ra t ion  can be more r e a d i l y  measured than o i l  or w a t e r .  
Nitrogen has  a s h o r t  res idence  t i m e  and i s  r e l a t i v e l y  h e r t  
( e s p e c i a l l y  when a t h o r i a t e d  i r idium m a s s  spectrometer f i lament  is  
used) . 
m e a s  ured . 

L e s s  than t e n  ppm of ni t rogen impuri ty  could be r o u t i n e l y  

Experimental Apparatus 

The experimental  apparatus  is  sketched i n  Fig. 3.8. A 28 l i t e r  
bel l  j a r  mounted on a p l a t e  provided t h e  main chamber working volume. 

The experimental  c r u c i b l e  w a s  mounted wi th in  t h e  bel l  j a r .  The 

c r u c i b l e s  w e r e  3 " ,  2-1/2" and 1" i n  diameter. A l l  w e r e  7 "  long. 
This con ta ine r  s imulated a high temperature zone f o r  hea t ing  the 
samples. 
and flows outward t o  t h e  pump l i n e .  
vided t o  sample t h e  gas a t  var ious loca t ions .  

w i th in  the c r u c i b l e  and t h e  t h i r d  o u t s i d e  t h e  can 2-3/4" from t h e  
c r u c i b l e ' s  lower edge .  T.s separate o i l  s ea l ed  mechanical pumping 
systems w e r e  used. 

- + 10%. 
10%. 

H i  p u r i t y  argon e n t e r s  near  t h e  c losed  end of t h e  c r u c i b l e  
Three 1/8" D probes are pro- 

Two probes w e r e  l oca t ed  

One s y s t e p  provided a pumping speed of 2 liters/sec 
The o t h e r  system provided a pumping speed of 5.4 liters/sec 

I n  add i t ion  t o  the above, a c o n t r o l l e d  impurity gas system w a s  
needed, Nitrogen, t h e  chosen impurity,  w a s  in t roduced i n t o  t h e  
bell  jar  through a probe loca ted  approximately 3-1/2 inches above 
t h e  t o p  of  t h e  c ruc ib l e .  

Resul t s  

The experiments performed with t h e  var ious  s i z e  crucibles and 

pump speeds r e s u l t e d  i n  t h e  data p l o t t e d  i n  Fig. 3.9. This da ta  
i n d i c a t e s  t h e  b e n e f i t  of t h e  purge action of t h e  gas. 
p l o t t e d  wi t 'n  c/co a5 t h e s r d i n a t e  and &x/D2 a s  t h e  absc issa .  C repre-  
s e n t s  t h e  impuri ty  concentrat ion a t  a d i s t a n c e  x from t h e  end of 

The d a t a  i s  
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t h e  crucible. The diameter, D, of t h e  c r u c i b l e ,  t h e  amount of 

purge gas flowing, 6, and the impurity concent ra t ion  a t  t h e  e x i t  
c are independent va r i ab le s .  The d i f f u s i o n  c o e f f i c i e n t  of N2 i n  

2 argon w a s  assumed t o  be 148/P (cm /sec) f o r  P i n  t o r r .  The r e s u l t s  
are p l o t t e d  under t h e  assumption t h a t  t h e  incoming gas had 

- 

0, 

"0 "  

impuri ty  concentrat ion.  

A s tandard  procedure f o r  determining the c/co r a t io  w a s  as 
follows: 

1. 

2. 

3 .  

4. 

5. 

6. 

Shut off  purge gas.  
mechanical pump operat ing.  
Nitrogen flow was ad jus ted  w i t h  a needle  valve u n t i l  
the t o t a l  p re s su re ,  as determined with an o i l  mano- 
m e t e r ,  w a s  measured as 1 torr .  
The n i t rogen  w a s  then s h u t  off  w i t h  an on-off valve 
leaving  the needle  valve a t  t h e  s a m e  s e t t i n g .  

The purge gas (argon) w a s  then ad jus t ed  a predetermined 
value.  
The n i t rogen  on-off valve w a s  opened. The t o t a l  
p r e s s u r e  was measured and found t o  be t h e  sum of 
t h e  argon and ni t rogen p a r t i a l  p ressures .  
The mass spectrometer was used t o  determine t h e  
r e l a t i v e  propor t ion  of n i t rogen  t o  argon wi th in  the  

Obtain base p r e s s u r e  w i t h  

crucluLc -----2L1 - - - A  ni i ts i  ------- de the  crucible. 

The n i t rogen  p res su res  were va r i ed  f r o m  -05  torr t o  10 torr 
wi th  t h e  d a t a  p o i n t s  f a l l i n g  a s  shown on the  a t t ached  Fig.  3 . 9 .  

Ear ly  i n  the experimental  phase t h e r e  w a s  considerably m o r e  

scatter i n  t h e  d a t a  than i s  now present .  This w a s  t r a c e d  t o  a 

f a u l t y  p r e s s u r e  r e g u l a t o r  on t h e  purge gas l i n e .  The r e g u l a t o r  
w a s  changed and a bal las t  volume (approximately 2 f t  ) added t o  
main ta in  t h e  p r e s s u r e  constant .  

a f te r  t ak ing  t h i s  ac t ion .  

3 

The da ta  w a s  much more c o n s i s t e n t  
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3 Mass Spectrometer 

To Vacuum 
Pumping 
System 

Pressure Regulator 

Gas 

Supply 
Tank 

SCHEMATIC OF EXPERIMENTAL SETUP 

FOR MONITORING GAS PURITY 

Figure 3.1 
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Date: 8/26/63 

Pressure: 5.3 x 

Sensitivity: 3 x lo" Amps Full Scale 

Magnet: 3 Kg 

Ionizing Voltage: 50 V 

Spectrum Demonstrating Resolution with a 3 x Amps 

Argon 40 Peak with a Full Scale Sensitivity of 3 x 10'' Amps 

Fig. 3.2 
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Date: 11/5/63 

Pressure: 6.8 x 

Sensitivity: 3 x ~ m p s  

Ionizing Potential: 30 V 

Magnet: 5.1 Kg 

Spectrum Demonstrating Increased Resolution with 5.1 Kg 

43 
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-- Date: 11/5/63 

Pressure: 5.5 x 

Sensitivity: 

Magnet: 5.1 Kg 

Ionizing Potential: 30 V 

3 x 10'' Amps Full Scale 

l -  

Spectrum Showing Mass Numbers Up to 200 

el:" C A Y .  3 . 4  
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Schematic of Experimental Purge Setup 

Figure 3.8 
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4.0 SAMPLE ANALYSIS 

Furnace Construction 

Figs.  4.1 through 4.6 show t h e  cons t ruc t ion  of t h e  
furnace.  S i x  molybdenum r a d i a t i o n  s h i e l d s  ,010" t h i c k  w e r e  used 
t o  minimize t h e  requi red  hea t ing  power and t o  maintain uniform 
temperature i n  t h e  c r u c i b l e  area. Two 1/8" diameter tantalum tubes  
w e r e  used t o  sample t h e  gases.  Both w e r e  l oca t ed  wi th in  t h e  sample 
c r u c i b l e .  A t h i r d  1/8" diameter tantalum t u b e  w a s  used as a sample 

support  as w e l l  a s  t h e  argon i n l e t .  

thermocouples w e r e  l oca t ed  wi th in  t h e  sample area t o  accu ra t e ly  
measure temperature,  
15OF of one another.  A tantalum crucible 1" diameter x 7 "  long 
covered t h e  sample. 
i n s u r e  gas could only leave  o r  e n t e r  from one end. 

Duty h e a t e r s  enclosed i n  an alumina ceramic provided t h e  hea t ing  
p o r t i o n  of t h e  furnace.  

Two platinum-platinum-rhodium 

These thermocouples gene ra l ly  measured wi th in  

One end of t h e  c r u c i b l e  was welded c losed  t o  
A p a i r  of Hevi- 

The furnace worked s a t i s f a c t o r i l y  up t o  temperatures of 1800°F. 
A t  180OoF, t h e  elements could not  be relied upon t o  have a l i f e  

longer  than 300 hours ,  
t u r e s  i n  excess of 1800°F. 

A furnace redesign is  necessary f o r  tempera- 

The temperature of t h e  thermocouples v a r i e d  2 4'F a t  set po in t .  
S ince  t h e  thermal m a s s  of t h e  sample i s  considerably more than t h e  
thermocouple, t h e  temperature v a r i a t i o n  of t h e  sample should be even 

less. 

V o l t a q e  Discharqe 

An experiment was performed t o  determine whether t h e  opera t ion  
o f  a furnace  i n  t h e  vacuum system and i t s  a s soc ia t ed  vol tage  would 
be a s e r i o u s  problem. 

A p i e c e  of 20" tungsten w i r e ,  .010" diameter,  w a s  p u t  i n  t h e  

vacuum system and connected between t w o  electrodes.. The e l ec t rodes  

w e r e  such t h a t  t h e  f u l l  vol tage d i f f e rence  w a s  appl ied  across  a gap 
o f  approximately 1". The bell  jar  was evacuated and <ne pressure 
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var i ed  with a small  l eak  of argon over t h e  range 1 to r r  t o  -1 t o r r  

t u r e  of  t h e  w i r e  t o  2000°K. 
t o  t h e  w i r e ,  N o  i n d i c a t i o n  of an arc o r  discharge w a s  noted, 

1. while  4 amps was passed through t h e  w i r e ,  This r a i s e d  t h e  tempera- 
A t  t h i s  po in t ,  60 v o l t s  w a s  app l i ed  

From t h i s  experiment, it was concluded t h a t  60 v o l t s  a t  t h e  
ope ra t ing  argon p res su res  would not  cause any discharge problems. 
Actual furnace opera t ion  v e r i f i e d  t h i s .  

Sample Exposure 

Columbium - 1% zirconium samples w e r e  hung from, a platinum 
w i r e  supported by t h e  argon i n l e t  t ube .  
7 grams and w e r e  1 / 2 "  x 2 "  x ,050" i n  dimensions, The tes t  program 
requ i r ed  t h e  samples be hea ted  t o  1500, 1850 and 2000°F f o r  per iods  
of one t o  10 days, The temperature t i m e  p l o t s  f o r  each sample a r e  
a t tached .  

The samples weighed approx. 

During t h e  runs m a s s  spectrums of t h e  gas i n  t h e  v i c i n i t y  of 

t h e  sample w e r e  made. Af t e r the  i n i t i a l  degassing of t h e  sample and 
furnace,  t h e  a n a l y s i s  revealed only C02,  

t h e  vacuum system i n d i c a t e d  approximately thesame l e v e l  of C 0 2 ,  

Ir? OEFS p a r t i c u l a r  case, t h e  gas a n a l y s i s  i n d i c a t e d  1 .02  (10'10) 
amps C02 when t h e  argon signal w a s  3 The backgrotifid level. 

of C 0 2  when t h e  argon s i g n a l  was immeasurable w a s  -93 (10 

d i f f e r e n c e  i s  n o t  s i g n i f i c a n t ,  The background l e v e l  probably w a s  
caused by holdup on t h e  LN2 t rap .  
a p r e s s u r e  of - 9 3  ( low8) t o r r  which i s  t h e  approximate vapor 
p r e s s u r e  of C02 a t  l i q u i d  n i t rogen  temperatures.  

The background l e v e l  of 

-c. ( lo - " ) ,  
, This -10) 

This l e v e l  of C02 corresponds t o  

Analysis  of t h e  samples a f t e r  exposure i s  n o t  complete, b u t  
t h e  r e s u l t s  t o  d a t e  are summarized on T a D l e  4.1, 

It is d i f f i c u l t  t o  i n t e r p r e t  t h e  r e s u l t s  shown on t h e  table,  

They a r e  i n d i c a t i v e  of a r a t h e r  pure atmosphere, equiva len t  t o  a 
vacuum of t o  torr. Fur ther  work i s  be ing  performed a t  
p r e s e n t  by NASA, L e w i s  Research Center t o  complete t h e  ana lys i s .  

m e  atnzspheric pres su re  samples w e r e  enclosed i n  a quar tz  



- .  
tube  1" i n  diameter x 16"  long. The sample w a s  pumped down t o  
approximately -05 torr by c o n t r o l l i n g  t h e  p re s su re  with a s m a l l  
argon bleed.  This p res su re  w a s  maintained f o r  approximately one 
hour. The system was then b a c k f i l l e d  t o  15"  of mercury and then  
t h e  tube  w a s  s ea l ed  o f f .  

+ 

F i f t e e n  inches of mercury of one-half an atmosphere w a s  chosen 
t o  minimize t h e  p r e s s u r e  d i f f e r e n t i a l  during t h e  h e a t  exposure. 
A t  2000°F, t h e  p re s su re  is  between 3 and 4 t i m e s  t h a t  a t  room 
temperature.  
temperature d i f f e r e n t  than  2000°F, 
n o t  known, b u t  is probably between 1-2 atmospheres. The impuri ty  
l e v e l  i n  t h e  argon corresponds t o  10 ppm a t  380 torr .  The volume 
of t h e  tube  i s  -206 liters. The t o t a l  q u a n t i t y  of impuri ty  is  

t h e r e f o r e  7.84 (lo-*) t o r r - l i t e r s  which weighs 1.47 mg. 

During t h e  h e a t  exposure t h e  tube  i s  a t  some average 
Therefore,  t h e  exact p r e s s u r e  i s  

Adsorbed gas on t h e  w a l l s  of t h e  tube  is  another source f o r  
contamination, The amount of gas is  dependent on t h e  c leaning  
process .  Typical ly ,  w e  might expect about 10 cm / c m  . The tube  
had an area of 324 cm 
liters. 
ga in  of the s z i q k  could he a t t r i b u t e d  t o  t h e  gas adsorbed on t h e  
w a l l s  of t h e  tube.  

-3 3 2 

2 o r  an expected q u a n t i t y  of gas of - 3  torr-  
The weight The weight of t h i s  gas corresponds t o  5.65 mg. 
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Sample Mounting Arrangement 
F i g u r e  4.1 





Molybdenum Radiat ion Shie lds  

Figure 4.3 
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Heater U n i t  

Figure 4.4 
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Heater Assembly 
F i g u r e  4.5 
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Furnace A s s e m b l y  
Figure 4.6 
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